Abstract-Temperature-dependent Sellmeier coefficients are necessary to optimize optical design parameters of the optical fiber transmission system. These coefficients are calculated for fused silica (SiOz), aluminosilicate, and Vycor glasses for the first time to find the temperature dependence of chromatic dispersion at any wavelength from UV to 1.7 pm. The zero dispersion wavelength Xo (1.273 pm for SiOz, 1.393 pm for aluminosilicate, and 1.265 pm for Vycor glasses at 26°C) varies linearly with temperature, and dXo/dT is 0.03 nm/K for aluminosilicate and Vycor glasses, whereas for Si02 it is 0.025 nm/K. This study interprets the recently observed experimental value of dXo / d T for two dispersion shifted optical fibers; and the dominantly material origin of dXo/dT is confirmed here as a fundamental property of the optical fiber glasses.
temperatures, since it plays a vital role in the optical fiber communication system. Matsuoka et al. [6] used a threepole temperature-dependent Sellmeier equation to represent refractive index variation simultaneously as a function of frequency and temperature only in the UV and visible region from -165.4 to 83.3OC. We, however, use the two-pole Sellmeier formula to represent the refractive index dependence with wavelength from UV to 1.7 pm at room temperature; the temperature effect is then separately introduced as a variation of the Sellmeier coefficients, a method used by Ghosh and Bhar [7] . The two-pole Sellmeier formula is a physically meaningful model to represent refractive indexes with wavelength. One pole is due to electronic resonance absorption, and the other pole is due to the lattice/ionic resonance absorption.
In the following, after first describing computational methods for finding Sellmeier coefficients for three kinds of silica glasses-Si02, aluminosilicate, and Vycor glasses-we arrive at relations of Sellmeier coefficients using temperature and smoothed thermooptic coefficients. Two other aspects are also considered from temperature-dependent Sellmeier coefficients, viz., chromatic dispersion and zero dispersion wavelength at different temperatures, and they are compared to the experimental values.
DERIVATION OF SELLMEIER COEFFICIENTS
The wavelength-dependent Sellmeier is of the form
(A is the wavelength in pm), where the last term accounts for the decrease in refractive indexes due to lattice absorption, the first and second terms represent, respectively, the contribution to refractive indexes due to higher energy and lower energy gaps of electronic absorption. The method of fitting a set of refractive index data for low refractive index materials to a Sellmeier in order to evaluate constants was described by Maltison [8] . However, his equation was of a slightly different form. The normal approach for any such problem is to first find the initial values of the parameters and then to add corrections by an iterative process so as to minimize the deviation between the measured and computed values. We are able to evaluate the Sellmeier constants by fitting the measured data to an accuracy better than the experimental accuracy. In this way, we evaluate the constants A , B , C, and D , taking beforehand a reasonably estimated value for E , the lattice absorption 0733-8724/94$04.00 0 1994 IEEE Table I for room temperature, and at a higher temperature from the measured refractive indexes at sDecific wavelengths. It is interesting to we therefore energy gap, keeping the lattice absorption frequency ( J E ) constant (the value is from [91) while evaluating temperature dependency variations in the indexes up to 1.7 pm to interpret chromatic dispersion and zero-dispersion wavelength of Si02 glass. We have used UV to 1.7 pm wavelength data for the interest of optical fibers having three optical transmission windows in this wavelength region.
TEMPERATURE DEPENDENCE
Tsay et al. [12] have given an excellent account of the variation of refractive index as a function of temperature in transparent crystals. Of the two factors determining the temperature dependence, the electronic effect plays a dominant role over the lattice/ionic effect in diamond-like semiconductor crystals. Recently, Lines [ 13 ] has observed the physical origin of the temperature dependence of chromatic dispersion in fused silica. It is shown that all manifestations of chromatic dispersion in the silica optic window possess a temperature modulation which is dominated by a single term, namely, the temperature derivative of the Sellmeier valence to conduction band energy gap. But their analysis is not straightforward. In our formalism, it is the temperature derivative of the average of Sellmeier coefficients. Again, there is a negligible shift of lattice absorption gap when temperature is changed [ 151.
Most of the semiconductors and chalcopyrite crystals exhibit the constancy of dn/dT for operating temperatures at any given wavelength lying within the transmission range. Such constancy has been observed in fused silica up to 47 1/828OC, aluminosilicate up to 526OC, and in Vycor glasses up to 526/826OC by Wray and Neu Typical plot of the temperaturedependent Sellmeier coefficients Fig. 3 . 26OC from 1.1 to 1.7 pm.
Dispersion behavior of Si02 (a) and aluminosilicate (b) glasses at (2) where T is the temperature in degree centigrade, R is the room temperature, n~ and n~ are the refractive indexes at T and room temperature, respectively. We have fitted the calculated refractive indexes of Si02, aluminosilicate, and Vycor glasses from -100 to 100°C at 20°C intervals by using (2) . All these Sellmeier constants ( X ) are then separately plotted against temperature. Strangely enough, all are found to fit nicely into straight lines. A typical plot of the coefficients for the fused silica is shown in Fig. 2 . Constants of the straight lines are obtained by least square analysis of the data and are shown in 
where
and c is the speed of light. Chromatic dispersions are computed for these glasses at different temperatures by using temperature-dependent Sellmeier coefficients, and are shown in Fig. 3 for Si02 and aluminosilicate glasses at 26°C. The dispersion characteristics are not linear for the whole spectral region. The temperature dependence of chromatic dispersion at 1.53 pm is computed for Si02 glass and it is -1.5 x pshm km K. This value is exactly the same as the experimental one [17] . The dispersion behavior near the zero dispersion wavelength is shown in Fig. 4 for Vycor glass at -100 and lOO"C, respectively. The dependency is almost linear as shown. The zero dispersion wavelengths are also computed for these glasses at different temperatures. The zero-dispersion wavelengths are 1.273, 1.393, and 1.265 pms at 26°C for Si02, aluminosilicate, and Vycor glasses, respectively. Interestingly, the temperature dependency of zero-dispersion wavelength is linear and dXo/dT = 0.025 nm/K for SiO2. This study agrees well with the recently experimental [17] values 0.029 f 0.004 nm/K and 0.031 f 0.004 nm/K for two dispersion shifted optical fibers within the experimental accuracy. dXo/dT is 0.03 nm/K for both aluminosilicate and Vycor glasses. Zerodispersion wavelength as a function of temperature T is shown in Fig. 5 for Si02 glass. This analysis implies that dXo/dT is dominated by the material of the core-glass of the optical fiber instead of the optical fiber design. This is one of the fundamental optical properties of the glass itself.
V. CONCLUSION
The material chromatic dispersion plays a vital role in the optical fiber communication system, and it manifests through
We have formulated the temperature-dependent Sellmeier coefficients of three optical fiber glasses for the first time to calculate refractive indexes at any wavelength from UV to 1.7 pm, and at any operating temperature. These are useful not only to determine optical design parameters at different temperatures, but also are capable of predicting the operating features of fiber optics as a function of temperature. The variation of average energy gap as defined by JC is the major contributor of refractive indexes, and d E g / d T is -0.5 meVK for these glasses. Chromatic dispersions as a function of wavelength have been computed at different temperatures, and dM(A)/dT is -1.5 x pshm km K at 1.53 pm for Si02 glass. The zero-dispersion wavelength A0 has been analyzed, and it is dominated by the material characteristics of the glass with a value dAo/dT 0.03 nm/K. This study has confirmed the fundamental dominant material origin of dXo/dT instead of the optical fiber design. ACKNOWLEDGMENT G. Ghosh would like to thank the Science and Technology Agency, Japanese Government, for awarding the STA Fellowship from May 1993. He is grateful to Prof. Yoichi Fujii, University of Tokyo for initial guidance in researching fiber optics, and to the Director General of ETL for inviting him as a Visiting Researcher at this Laboratory.
